Cardiac hypertrophy accompanies many forms of heart disease, including ischemic disease, hypertension, heart failure, and valvular disease, and it is a strong predictor of increased cardiovascular morbidity and mortality. Deletion of bone marrow kinase in chromosome X (Bmx), an arterial nonreceptor tyrosine kinase, has been shown to inhibit cardiac hypertrophy in mice. This finding raised the possibility of therapeutic use of Bmx tyrosine kinase inhibitors, which we have addressed here by analyzing cardiac hypertrophy in gene-targeted mice deficient in Bmx tyrosine kinase activity. We found that angiotensin II (Ang II)-induced cardiac hypertrophy is significantly reduced in mice deficient in Bmx and in mice with inactivated Bmx tyrosine kinase compared with WT mice. Genome-wide transcriptomic profiling showed that Bmx inactivation suppresses myocardial expression of genes related to Ang II-induced inflammatory and extracellular matrix responses whereas expression of RNAs encoding mitochondrial proteins after Ang II administration was maintained in Bmx-inactivated hearts. Very little or no Bmx mRNA was expressed in human cardiomyocytes whereas human cardiac endothelial cells expressed abundant amounts. Ang II stimulation of endothelial cells increased Bmx phosphorylation, and Bmx gene silencing inhibited downstream STAT3 signaling, which has been implicated in cardiac hypertrophy. Furthermore, activation of the mechanistic target of rapamycin complex 1 pathway by Ang II treatment was decreased in the Bmx-deficient hearts. Our results demonstrate that inhibition of the cross-talk between endothelial cells and cardiomyocytes by Bmx inactivation suppresses Ang II-induced signals for cardiac hypertrophy. These results suggest that the endothelial Bmx tyrosine kinase could provide a target to attenuate the development of cardiac hypertrophy.
Etk | endothelium | signaling | heart | cardiomyocyte H eart failure is a continuously increasing global problem in aging populations. Despite some progress in treatment options, the prognosis of heart failure is worse than that for most cancers (1) . Cardiac hypertrophy due to exercise training is referred to as physiological hypertrophy, in which the architecture and contractile function of the heart are maintained or enhanced, and it is reversible if the training is discontinued. Numerous diseases, such as myocardial infarction, aortic stenosis, hypertension and metabolic stress, induce pathological hypertrophy, which is related to activation of maladaptive cellular events in the heart and progressively leads to heart failure (2). Understanding the underlying regulatory processes in the development of pathological hypertrophy has provided effective therapeutic targets to attenuate disease progression, but there are currently no treatments to reverse cardiac hypertrophy.
The Bmx (Etk) gene in the chromosome region Xp22.2 encodes a tyrosine kinase that was originally identified and cloned from hematopoietic cells (3) . Striking new evidence indicates that Bmx phosphorylates a phosphotyrosine-primed motif mediating the activation of multiple receptor tyrosine kinases (4) . Bmx is highly expressed in the endocardium and in the endothelium of large arteries, starting between embryonic days 10.5-12.5 (5), indicating that Bmx is a signal transducer mainly in the arterial endothelium. However, Bmx deletion does not result in any obvious developmental phenotype in mice (5), suggesting that it has a redundant function during embryogenesis. In contrast, Bmx has been shown to be important in a variety of pathological states, including tumor growth (6) (7) (8) , and its overexpression promotes ischemia-induced arteriogenesis and inflammatory angiogenesis (9) .
Previous reports have indicated that Bmx deficiency attenuates pressure overload-induced cardiac hypertrophy in response to thoracic aortic constriction or vascular endothelial growth factor-B (VEGF-B) overexpression (10, 11) , but the mechanisms of how this regulation occurs are as yet not known. We have here analyzed the molecular mechanisms of how Bmx regulates cardiac hypertrophy by using angiotensin II (Ang II) treatment that leads to cardiac hypertrophy and remodeling (12) . Importantly, we show that pathological cardiac growth is suppressed in a mouse model where the Bmx kinase is inactivated by a missense point mutation. Our findings provide therapeutic proof of principle indicating that the blocking of Bmx tyrosine kinase activity could be used to inhibit pathological cardiac hypertrophy.
Significance
During the last decades, heart failure has developed into a major burden in the western world, increasingly affecting millions. Cardiac hypertrophy is an adaptive response to myocardial infarction or increased blood pressure, and it often leads to heart failure. Understanding the underlying regulatory processes in the development of pathological hypertrophy is needed for the development of effective therapies. Our results show that the kinase activity of the endothelial bone marrow kinase in chromosome X (Bmx) protein is necessary for the development of pathological cardiac hypertrophy. This finding could provide significant therapeutic applications when specific Bmx kinase inhibitors become available in the clinics.
Results
Bmx Tyrosine Kinase Activity Is Necessary for Ang II-Induced Cardiac Hypertrophy. Previous studies have shown that cardiac hypertrophy in response to aortic coarctation or VEGF-B overexpression is greatly attenuated in mice deficient of the Bmx protein (10, 11) . Because of the continuing development of increasingly specific Bmx tyrosine kinase inhibitors, it would be important to know whether specific inactivation of the Bmx tyrosine kinase activity would be enough to inhibit cardiac hypertrophy. Thus, our aim was to determine whether attenuation of cardiac hypertrophy detected in Bmx knockout (KO) mice is dependent on the tyrosine kinase activity of the Bmx protein. We analyzed cardiac growth upon Ang II administration to mice in which the Bmx gene had been deleted, or replaced with a K421R mutant allele (equivalent to human mutation K445R) (13) , rendering the kinase catalytically inactive (referred to as TK mice) (14) .
To compare the effects of Bmx gene deletion or tyrosine kinase inactivation on Ang II-induced cardiac hypertrophy, we first implanted Ang II minipumps into Bmx KO and WT mice for 2 wk. The WT mice developed cardiac hypertrophy, but, as expected, the hypertrophic changes were significantly milder in KO mice than in WT mice (Fig. 1A) . Immunostaining for dystrophin demonstrated that the cardiomyocyte size was increased in both groups after Ang II infusion; however, the increase in Bmx KO mice was significantly smaller than in WT mice ( Fig. 1  B and C) . Importantly, the Ang II-induced cardiac growth and cardiomyocyte size were reduced also in mice expressing the kinase-inactive Bmx allele (Fig. 1 E-G) . The mRNA level of skeletal α-actin, a marker for pathological cardiac hypertrophy, was significantly increased in WT mice, but not in Bmx KO mice or in TK mice ( Fig. 1 D and H) . Accordingly, after a prolonged Ang II infusion for 6 wk, the extent of cardiac hypertrophy was also less in Bmx KO mice than in WT mice (Fig. S1 ). However, there were no significant differences in the blood pressure between KO and WT mice before or 2 or 6 wk after Ang II infusion measured by the tail cuff method. Similar results were obtained when a catheter was inserted into the carotid artery to monitor blood pressure more accurately. These results confirmed that Bmx deficiency does not affect blood pressure (Fig. S2) . Taken together; these data indicate that the development of cardiac hypertrophy is dependent on Bmx tyrosine kinase activity and that the difference in the cardiac Ang II response is not due to differences in blood pressure.
The Bmx Tyrosine Kinase Is Important for Endothelial Cell-Cardiomyocyte Cross-Talk. A previous report has suggested that Bmx is expressed also in cardiomyocytes in addition to its expression in the arterial endothelium, in endocardium, and in cells of the hematopoietic myeloid lineage (15) . Thus, we compared Bmx mRNA levels in isolated arterial and microvascular endothelial cells as well as in fibroblasts and cardiomyocytes from human heart. As shown in Fig. 2A , Bmx expression was highest in arterial endothelial cells. The microvascular endothelial cells contained about 35% of this amount whereas expression in the cardiomyocytes was about 0.1% of that found in microvascular endothelial cells, and no Bmx RNA could be detected in cardiac fibroblasts. These results strongly suggest that the effects of Bmx on cardiac hypertrophy are mediated via the endothelial cells of the coronary vasculature.
Next, we analyzed whether Ang II can induce Bmx phosphorylation in endothelial cells. Human umbilical venous endothelial cells (HUVECs) were stimulated with different concentrations of Ang II, and vascular endothelial growth factor (VEGF) was used as a positive control. Similarly to VEGF, Ang II induced strong Bmx phosphorylation in HUVECs after 10 min and 30 min of stimulation (Fig. 2B) . In contrast, Bmx was not detected in isolated adult mouse cardiomyocytes even after Ang II stimulation, further indicating that Bmx is specific for cardiac endothelial cells (Fig. 2C) .
Reduced Myocardial Capillary Density in Ang II-Treated WT Mice but Not in Bmx-Deleted Mice. Pathological pressure overload-induced cardiac growth is often associated with a decrease of capillary density, especially in the left ventricular myocardium, because vessel growth does not match the cardiomyocyte growth (16) . Staining for the vascular endothelial marker CD31 showed decreased blood vessel density and area in the hearts of Ang IItreated WT mice compared with sham-operated control WT mice whereas the capillary density in the Bmx-deleted hearts was not altered by Ang II treatment (Fig. 3 A and B) . Similar results were obtained when the TK mice were used for the analysis (Fig. 3C) . This difference was due to the inhibition of cardiomyocyte growth because there was no statistical difference in the capillary-to-cardiomyocyte ratio between the groups (WT sham, 1.68 ± 0.05; WT Ang II, 1.75 ± 0.03; KO sham, 1.60 ± 0.04; KO Ang II, 1.77 ± 0.06; P > 0.05).
To analyze how the loss of Bmx kinase activity regulates the pathogenesis of Ang II-triggered hypertrophy, cardiac samples from Bmx KO, TK, and WT mice with and without preceding systemic Ang II infusion were subjected to genome-wide RNA expression analysis. Without Ang II treatment, only a few genes were differentially expressed between Bmx KO and WT hearts (Table S1 ). Ang II-treated WT hearts had alterations in several gene clusters attributable to cardiac hypertrophic response, including increased expression of genes encoding extracellular (Tables S2 and S3 ). To confirm microarray findings, we analyzed a set of mRNAs with quantitative PCR (qPCR). For example, procollagen I and III mRNAs were up-regulated in Ang II-treated WT mice but not in Bmx KO or TK mice (Fig. 3  D and E) . Of note, Ang II treatment did not affect the mRNA expression of Bmx in WT hearts in any of the experiments.
Mitochondrial Content Is Maintained in Bmx-Deficient Hearts After Ang II Treatment. Whole-genome gene expression analyses showed that Ang II induces markedly fewer changes in KO and TK mice than in WT mice (Fig. 4A and Tables S2 and S3 ). Interestingly, genes encoding components of the inner mitochondrial membrane and the electron transport chain were more abundantly expressed in Ang II-treated Bmx KO or TK hearts than in Ang II-treated WT hearts. PGC-1-α is a major regulator of mitochondrial biosynthesis, and decreased levels of PGC-1-α and citrate synthase are associated with the development of pathological cardiac hypertrophy (reviewed in ref. 17) . Decreased PGC-1-α RNA level and decreased citrate synthase activity were detected in the Ang II-treated WT hearts but not in the Bmx KO and TK hearts (Fig. 4 B-E) . Together with the microarray data, these results indicate a better sustained mitochondrial content in the hearts of Bmx KO and TK mice than in WT mice upon Ang II-induced cardiac stress.
Bmx Regulates Ang II-Induced Inflammatory Cytokine Responses.
Increased expression of inflammatory cytokines has also been implicated in cardiac hypertrophy. Because Bmx has been shown to regulate inflammatory responses (9, 14, 18), we examined whether Bmx affects the expression of inflammatory genes upon Ang II induction. Indeed, mRNA levels of interleukin-6 (IL-6), IL-8, tumor necrosis factor receptor-2 (Tnfr2), and matrix metalloproteinase 2 (Mmp2) were significantly lower in Bmx KO and TK mice than in WT mice after Ang II induction (Fig. 5 A-D) . These data indicate that Bmx regulates at least a subset of inflammation-related cytokine responses in Ang II-induced hypertrophy.
Tissue inhibitor of matrix metalloproteinases-1 (Timp1) mRNA was markedly induced upon Ang II treatment in WT, but not in Bmx KO or TK mice (Fig. 5 B and E) . Heat shock protein 70 (Hsp70) has been shown to be up-regulated in hypertrophic cardiomyopathy (19) . Interestingly, a clear trend of Hsp1a mRNA induction was detected in the hypertrophic WT hearts whereas lack of Bmx abolished this response (Fig. 5 C and F) .
Involvement of Bmx Tyrosine Kinase Activity in Ang II-Induced
Downstream Signaling. To elucidate the influence of Bmx inactivation on signaling pathways mediating cardiomyocyte growth, we analyzed activation of the mechanistic target of rapamycin complex 1 (mTORC1) pathway, which is a major regulator of protein synthetic pathways during cell growth (20) . Consistent with the smaller cardiomyocyte size, we found that the mTORC1 downstream target ribosomal protein S6 (rpS6) phosphorylation at Ser-240/244 was less activated in Bmx KO hearts than in WT hearts after the 2-wk Ang II infusion (Fig. 6 A and B) . To further analyze the in vivo signaling induced by Ang II, we injected Ang II into the tail vein of TK and WT mice and analyzed the phosphorylation of rpS6, Akt, and STAT3 in the heart after 10 min of stimulation. Ang II induced phosphorylation of all these three signaling proteins in WT mice, but the response was blunted in TK mice (Fig. 6  C-F) . In addition, microarray data indicated that Ang II treatment increased Stat3 [false discovery rate (FDR) = 0.005] and decreased Stat1 (FDR = 0.00001) mRNA expression in WT hearts, but there was no effect of Ang II on either gene in KO hearts.
To study the effect of Bmx on Ang II signal transduction in more detail, we silenced Bmx in HUVECs with three different shRNA constructs and analyzed the effect of Ang II stimulation on STAT3 activation. Ang II induced STAT3 phosphorylation in control cells transduced with shScr, but not in Bmx-silenced cells (Fig. 6G) , indicating that Bmx is needed for Ang II-induced STAT3 signaling in endothelial cells. 
Discussion
Our results show that Bmx tyrosine kinase activity is necessary for the cardiac hypertrophy induced by angiotensin II. This finding contrasts with results from a macrophage-driven inflammatory arthritis model where Bmx protein, but not tyrosine kinase activity, was found to be essential (14) . In the Ang II hypertrophy model, both the deletion and tyrosine kinase inactivation of Bmx prevented increased inflammatory cytokine and matrix gene activation, stimulation of the mTORC1 pathway, and the decrease of mitochondrial gene expression and activity that characterize the hypertrophic and dysfunctional myocardium in the Ang II hypertension model. The present results on Bmx expression in human and mouse cardiac cells, together with our previous findings (5) , indicate that Bmx is expressed mainly in the arterial and microvascular endothelium in the heart. Very little, if any, Bmx mRNA was detected in primary human cardiomyocytes, and no Bmx protein was detected in adult mouse cardiomyocytes. This observation highlights the importance of the cross-talk between vascular endothelial cells and cardiomyocytes in the development of pathological hypertrophy. Furthermore, these mouse models show that deletion of Bmx does not affect normal cardiac homeostasis, which provides a wide therapeutic window for possible use of Bmx tyrosine kinase inhibitors in heart disease. Angiotensin II activates the angiotensin type 1 receptor (AT1R), which then transactivates the epidermal growth factor receptor (EGFR) to mediate cellular growth. Knockdown of Bmx was shown to attenuate tyrosine phosphorylation of the EGFR by angiotensin II stimulation in mammary epithelial cells, but Bmx did not have an effect on direct stimulation of the EGFR with EGF, indicating that Bmx functions between the activated AT1R and EGFR (21) . Bmx also induces the tyrosine phosphorylation and DNA binding activity of STAT1, STAT3, and STAT5 (22) . Of these proteins, STAT3 has been shown to be important for physiological homeostasis and stress-induced remodeling of the heart (23). In our experiments, Bmx silencing completely abrogated STAT3 activation by Ang II in endothelial cells and also significantly attenuated phosphorylation in vivo. Although we cannot fully exclude the possibility that Bmx functions also in cardiomyocytes, our results and those of others strongly suggest that Bmx mainly acts in endothelial cells (24) . Thus, the present results highlight the importance of endothelial cell-to-cardiomyocyte signaling in cardiac remodeling (see the schematic summary in Fig. 6H ).
Our transcriptomic analyses of the Ang II-treated hearts indicated a better preserved mitochondrial content in Bmx kinasedeficient mice upon pathological cardiac growth. Mitochondrial and NADPH oxidase dysfunction and the resulting oxygen radicals have been shown to induce cellular inflammatory responses leading to increased cytokine expression (17, (25) (26) (27) (28) . Ang II also activates proinflammatory and profibrotic pathways. In this regard, it is interesting that Bmx kinase activity contributed to the regulation of a range of inflammatory cytokine responses associated with pathological cardiac hypertrophy. Inflammatory markers have not been previously analyzed in the context of cardiac hypertrophy in Bmx-deficient mice. In other models, such as in ischemia-mediated arteriogenesis in the hind limb, Bmx has been shown to interact with the TNFR2 pathway to promote adaptive arteriogenesis and angiogenesis (29) . In a model of rheumatoid arthritis, Bmx was shown to act in a kinaseindependent manner downstream of, or at the same level as, TGF-β activated kinase 1 (TAK1) to mediate inflammatory cytokine signaling, including IL-8 (14) . Recently, it was shown that deletion of IL-6 prevents cardiac inflammation, fibrosis, and dysfunction after Ang II (30) . Our results showed that inactivation of Bmx abolished the Ang II-induced increase in IL-6 and IL-8, placing Bmx upstream of the inflammatory cascade.
Our data on the prevention of Ang II-induced cardiac hypertrophy when Bmx tyrosine kinase is rendered inactive provide a proof of principle that inhibitors of Bmx tyrosine kinase activity could do the same. Bmx-deficient, as well as tyrosine kinaseinactivated, mice are healthy and fertile, suggesting that Bmxspecific tyrosine kinase inhibitors could provide a wide therapeutic window. This finding could turn out to be significant for therapeutic applications when Bmx kinase inhibitors become available in clinics (31) (32) (33) . At the moment, many Bmx inhibitors also inhibit other kinases, such as EGFR, which may cause cardiotoxicity, whereas the more specific inhibitors have not yet been tested in vivo. Additional studies will be necessary to explore the possible benefits of modulating Bmx activity as a therapeutic target.
Materials and Methods
A detailed description of all materials and methods can be found in SI Materials and Methods.
Ang II-Induced Cardiac Hypertrophy. Bmx KO mice (described in ref. 5 ), backcrossed to the C57BL/6J background at least eight times, and age-and gender-matched WT C57BL/6J mice were used in the present studies. Ang II infusion at 0.1 mg·kg −1 ·h −1 for 14 d was induced by s.c. implantation of osmotic minipumps (Alzet model 1002; Durect Corporation). Sham-operated KO mice (n = 14) and WT mice (n = 10) were used as controls. At 2 or 6 wk, the mice were weighed and killed, and then the hearts were excised, weighed, and processed for further analysis as described in SI Materials and Methods. We also studied mice with the kinase-deficient Bmx K421R mutation (equivalent to the human K445R mutation) (13) in the BALB/c background, referred to here as Bmx TK mice (14) . The National Animal Board for Animal Experiments at the Provincial State Office of Southern Finland approved all animal experiments, which were performed in accordance with Finnish legislation regarding the humane care and use of laboratory animals.
Ang II-Bmx Signal Transduction, RT-qPCR, and Western Blot Analysis. Ang II-Bmx signal transduction, RT-qPCR, and Western blot analysis are detailed in SI Materials and Methods. Primers used are listed in Table S4 .
Whole-Genome Microarray and Data Analysis. RNA samples were analyzed with genome-wide Illumina MouseWG-6 v2 microarrays (Illumina Inc.). Detailed microarray data analysis is described in SI Materials and Methods. The data have been deposited in the Gene Expression Omnibus (GEO) data repository with accession number GSE47420.
Immunohistochemical Analyses. Five-to 7-μm frozen sections were fixed with acetone, immunostained, and analyzed as detailed in SI Materials and Methods.
Statistical Analysis. Values are indicated as mean ± SEM in the figures. Statistical analysis of multiple groups was performed with one-way ANOVA, followed by Tukey's post hoc test for groups with equal variances and by Games-Howell's post hoc test for groups with unequal variances. Statistical analysis of two groups was performed with unpaired t test. All statistical tests were two-tailed. Differences were considered statistically significant at P < 0.05.
